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Introduction
Reversible coordination/binding between the substrate and catalyst is pivotal to catalytic reactions. This paradigm has been the raison d'être for the use of a vast number of transition metal complexes in catalysis as exemplied by many celebrated compounds such as Wilkinson's catalyst. 1 Another crucial feature of many catalytic reactions is the role of auxiliary Lewis bases/donors in the activation of the catalyst to facilitate product formation.
2 While transition metal complexes are a strong mainstay in this eld, there have been efforts to examine if systems based on main-group elements can also be useful in catalytic reactions. An important challenge in this endeavor is the design of compounds that, like their transition metal counter parts, are involved in reversible reactions with substrates and auxiliary activators such as bases. 3 An important breakthrough in this area has been the seminal report of
Stephan and co-workers on the reversible activation of dihydrogen by the frustrated Lewis pair effect of a compound containing a P-B motif. 4 Numerous other reports followed including the reversible coordination/binding of ethylene with distannynes, 5 phosphines with CO 2 , 6 N-heterocyclic carbenes with cyclotrisilenes, 7 and reversible oxidative addition of organoboronate esters at the carbon(II) center of cyclic alkyl amino carbene. 8 Main-group compounds can indeed display a transition metal-like behavior as exemplied by the stoichiometric activation of small molecules 9 as well as ligand exchange at the reactive low-valent centers.
10
In the above context, recently Bertrand et al. reported a singlet (phosphino)phosphinidene, I, which is electrophilic despite its P-P multiple bond character and the presence of a formal negative charge at the phosphinidene center.
11 It was also shown that ligand exchange could occur at the phosphinidene centre of I (Scheme 1). 12 On the other hand, Robinson's NHC Dip -stabilized P 2 , II (Scheme 1) 13 which can be considered as an interconnected bis-phosphinidene dimer does not undergo ligand exchange with more nucleophilic NHCs such as NHC Me4 and NHC iPr2Me2 .
14 Scheme 1 Chemical structures of phosphino phosphinidene I, donor stabilized diphosphorus(0) II, and diphosphene III (Ar* ¼ 2,6-CHPh 2 -4-tBuC 6 H 2 , NHC Dip ¼ 1,3-(2,6-iPr 2 C 6 H 3 ) 2 -imidazole-2-ylidene, R ¼ general monoanionic ligand).
The intriguing difference of reactivity between I and II and most importantly the fact that reversible coordination of Lewis bases to multiply bonded main group species is limited 7 prompted us to investigate the coordination behaviour of an NHC as an auxiliary base towards a diphosphene III as well as the inuence on its reactivity. In this context, it may be mentioned that Matsuo and co-workers recently reported the cleavage of the P-P double bond of Rind-substituted diphosphene (Rind ¼ 1,1,3,3,5,5,7,7-octa-R-substituted s-hydrindacen-4-yl) by an NHC to yield two NHC-coordinated phosphinidene fragments. The mechanism was proposed to proceed via the formation of an NHC-coordinated, highly polarized diphosphene as a transient intermediate. 15 The coordination of NHC to the heteronuclear and thus naturally polarised P]C bond of phosphaalkenes has been studied by Gates et al.
16

Results and discussion
Since the isolation of the sterically protected diphosphene, Mes*P]PMes* (Mes* ¼ 2,4,6-tBu 3 -C 6 H 2 ), by Yoshifuji and coworkers 17 several other diphosphenes have been isolated and characterized. 18 We deliberately chose the relatively unreactive diphosphene Ter
Mes P]PTer Mes , 1 19 and probed its binding with NHC Me 4 , 2. 20 The treatment of 1 with a stoichiometric amount of 2 at room temperature resulted in an immediate colour change from yellow to deep red (Scheme 2). The 31 P{ 1 H} NMR of the reaction mixture showed two upeld doublets of equal intensity at d ¼ À95.36 ppm and À0.78 ppm ( 1 J (P,P) ¼ 423 Hz) along with the signal of the free diphosphene 1 at d ¼ 492 ppm in about 70 : 30 ratio. As this ratio remained unaltered even aer 2 h, we suspected that the coordination of NHC might indeed be reversible. The remarkable difference in the chemical shis accompanied by a large coupling constant proves the presence of two non-equivalent phosphorus nuclei in different electronic environments, which is consistent with the formation of the NHC-diphosphene adduct 3 (Scheme 2).
The single crystal X-ray diffraction analysis of 3 reveals that NHC Me4 is coordinated to one of the P-centres of the former diphosphene moiety (Fig. 1) . The P-P bond length in 3 is 2.134(2)Å and thus longer than that observed in 1 (2.029(1)Å), 21 but still substantially shorter than the P-P single bond of diphosphanes, e.g. (6-Me-2-pyridyl)(SiMe 3 ) 2 CPH] 2 (2.222(3)Å).
22
The 
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The two nonbonding electron pairs at P2 implied by the ylidic nature of 3 correspond to the HOMO and HOMOÀ1 (Fig. 2) . While the HOMO almost exclusively consists of a porbital centered at the formally negatively charged P center, the HOMOÀ1 and the HOMOÀ2 are delocalized across the P-P unit and therefore correspond to the s-type lone pairs at the phosphorus centers (Fig. 2) . The LUMO is mainly delocalized over the P-C bond between the carbenic carbon and P1.
The carbenic carbon C1 is connected to the P1 center with an angle of 113.26 (18) with respect to the P1-P2 bond vector. The two terphenyl ligands adopt a trans-arrangement with a torsion angle of C8-P1-P2-C32 ¼ 166. , 2, to diphosphene, 1, has similarities with the reactivity of transition metal complexes in terms of ligand exchange.
3
In order to further substantiate the reversibility of NHC coordination, we monitored the changes in the absorption of 1 (in THF) with increasing concentrations of 2 by UV/vis spectroscopy. A THF solution of free diphosphene 1 absorbs at l max ¼ 448, 372, and 317 nm. Upon gradual addition of NHC
Me4
, 2, the absorbance at 448 nm increases while the absorbance at 372 nm decreases in intensity as the equilibrium is shied towards 3. The absorbance at l ¼ 317 nm is shied to l ¼ 324 nm when the NHC Me 4 concentration exceeds more than 1.11 equivalents (1.33, 2.22, and 4.44 equivalents). A clear isosbestic point is revealed at l ¼ 392 nm (Fig. 3) . From the UV/vis studies the Gibbs enthalpy of formation of 3 is estimated to be DG 298 ¼ À13.30 kJ mol À1 , which is close to the value obtained from the VT-NMR study (DG 298 ¼ À11.2 AE 1.1 kJ mol À1 ).
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Due to the pronounced polarization of the P]P moiety upon coordination of NHC
Me4
, an enhanced reactivity was anticipated. We probed the addition reactions of water and dihydrogen in the presence of NHC Me4 as benchmarks as free diphosphene 1 is inert towards hydrolysis or hydrogenation (Scheme 3). Thus far, only the hydrolysis of Lewis acidcoordinated diphosphene and heteroleptic diphosphenes has been reported. These distances are longer than those in 1 or 3 (1 : 1.985(2), 3 : 2.134Å). The P-O bond length found in 4 is 1.478(2)Å, which is shorter compared with that of 5 (1.492(2)Å) presumably because of a H-bonding interaction with an imidazolium cation.
25
The P-P distance in 4 (2.1946(8)Å) is slightly longer than that observed in the metal carbonyl (Lewis acid) free phospha-WittigHorner reagent, (Mes*PH-P(O)(OEt) 2 ) (2.1854Å).
26
The Lewis acid free phospha-Wittig-Horner reagent, (Mes*PH-P(O)(OEt) 2 ), is known to be readily deprotonated to the lithiated phospha-Wittig-Horner reagent, Mes*P] P(OLi)(OEt) 2 . 26 Similarly, the phosphino substituted phosphine oxide 4 is transformed to the corresponding ion pair 5 through deprotonation by NHC Me4 , 2 (Scheme 3). The complete formation of 5 from 4 is observed when 2 equivalents of 2 are added. The 31 P NMR spectrum of the phosphino substituted phosphine oxide 4 exhibits two doublets at d ¼ 9.55 and À77.36 ppm with a 1 J P-P of 248 Hz. In 5 the corresponding resonances are observed at d ¼ 28.50 and À46.76 ppm with a 1 J P-P of 464 Hz.
These trends are similar to those observed in Mes*PH-P(O)(OEt) 2 ( 1 J P-P ¼ 222 Hz) and Mes*P]P(OLi)(OEt) 2 ( 1 J P-P ¼ 615 Hz). 26 Despite the imidazolium character of the NHC moiety in 5, the addition of BPh 3 as a NHC scavenger results in the liberation of free 4 as previously observed for standard NHCcoordinated main group species (Scheme 3). 27 The exclusive formation of 4 has also been achieved by the addition of Et 3 -N$HCl to the reaction mixture. In view of the apparent equilibrium, we expected the hydrolysis of 1 to be catalytic in NHC Me 4 . In addition, the calculated relative free energy for the formation of 4 from 3 (3 + H 2 O / 4 + 2) is determined to be DG 298 ¼ À12.1 kcal mol À1 at the B3LYP-D3/6311-G(d,p) level of theory. 23 Indeed, treatment of 1 at À78 C with one equivalent of H 2 O in the presence of 10 mol% of 2 leads to >90% of 4 (TON ¼ 9, Scheme 3). 23 At higher temperatures, the hydrolysis of NHC Me 4 becomes competitive signicantly reducing the yield of 4 and thus the TON. The reaction of 3 with H 2 does not proceed under ambient conditions. On the other hand, 3 reacts instantaneously with NH 3 $BH 3 as a dihydrogen source affording two diastereomers (d/l-6 and meso-6) of dihydrodiphosphane, (Scheme 4). The parent diphosphene 1 only reacts sluggishly with NH 3 $BH 3 taking more than 7 days to afford the product in modest yields.
The 31 P NMR spectra of d/l-6 and meso-6 exhibit an AA 0 XX 0 pattern with the peaks centered at d ¼ À109.9 and À101.4 ppm, respectively (Fig. 6) . To determine the magnitudes of the coupling constants of the AA 0 XX 0 spin system, a simulation of the 1 H and 31 P NMR spectra was performed (Fig. 6 ). 28 Previously, Erickson et al. reported the formation of one of the diastereomers of compound 6 by the tin-catalyzed dehydrocoupling of Ter Mes PH 2 . 29 Based on the current study it can be concluded that the previously reported diastereomer had the meso conguration. The initially formed racemic mixture of d/l-6 is slowly converted to the meso-isomer, meso-6, reaching equilibrium within 12 h at room temperature. This has been conrmed by performing the reaction and measuring 31 
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Single crystal X-ray diffraction on crystalline samples of 6 exclusively resulted in a structural model in line with meso-6 (Fig. 7 ). As this model depends on the somewhat ambiguous determination of the hydrogen positions H1P and H1P*, we cannot exclude the presence of a mixture of isomers in the solid state. Indeed, the CP-MAS 31 P{ 1 H} NMR of a crystalline sample shows the presence of both diastereomers. Finally, to address the complete cleavage of the P-P bond present in 3, we monitored the 1 : 2 reaction between 1 and 2. Aer four days a colour change from deep red to yellow occurred and we observed the appearance of a new 31 P resonance at d ¼ À77 ppm, which is in the range for a carbene-stabilized phosphinidene. 30 Subsequently we heated the reaction mixture at 105
C for 30 h to ensure complete dissociation resulting in the formation of 7 (Scheme 5).
The distance between phosphorus and the carbenic carbon is 1.786(2)Å (Fig. 8) , which is comparable with that reported for a NHC-stabilized phosphinidene. 31 However it is shorter than the distance between the phosphorus and carbenic carbon of 3 (1.8306(19)Å).
The formation of 7 from 3 is strong experimental corroboration for the mechanism proposed by Matsuo and co-workers for the cleavage of a P]P bond in a diphosphene. 15 
Conclusions
In summary, we have demonstrated for the rst time that the coordination of an N-heterocyclic carbene to a heavier double bond results in a striking reactivity enhancement. The reversible coordination of the NHC to a diphosphene signicantly enhances the reaction rate of hydrolysis and hydrogenation by the ammonia-borane complex. In the case of hydrolysis, we have demonstrated that the reaction is catalytic in NHC.
Experimental
General
All experiments were carried out under an argon atmosphere using standard Schlenk techniques or in a PL-HE-2GB Innovative Technology GloveBox. n-Hexane, diethyl ether, THF, and toluene were dried using a PS-MD-5 Innovative Technology solvent purication system. Benzene was reuxed over sodium/ benzophenone, and then distilled and stored under argon. a contact time of 5 ms, CPD Spinal64 as the decoupling scheme, and a recycle delay of 3 s. UV/vis spectra were acquired using a Jasco V-670 spectrometer using quartz cells with a path length of 0.1 cm. Elemental analyses were performed on a Leco CHN-900 analyzer. Melting points were determined in closed NMR tubes under an argon atmosphere and are uncorrected.
Synthesis of 3
10 mL of THF is added to a Schlenk ask containing 1 (0.357 g, 0.518 mmol) and 2 (0.084 g, 0.673 mmol) at room temperature.
Aer stirring for about 5 minutes, all volatiles are removed under vacuum. The resulting residue is extracted with 10 mL of n-pentane (2 times) and the combined ltrate is kept at À30 C overnight resulting in the formation of bright red crystals, yield: 0.211 g (51.9%). In solution compound 3 is in equilibrium with 1 and 2. NMR data from a 1 : 1 stoichiometric ratio of 1 and 2 in C 6 D 6 at RT (almost 30% of 1 and 2 and 70% of 3): mp: 185 C (decomposed). Fig. 7 Molecular structure of meso-6 (thermal ellipsoids of 50% probability level; hydrogen atoms are omitted for clarity). 13H, 8H from Ar-H and 5H from Ar-H of 1) ppm. NMR data from a 1 : 2 stoichiometric ratio of 1 and 2 in C 6 D 6 at RT to get unambiguous 1H NMR data of 3. 
Reaction of 3 with BPh 3
In a glovebox, 1 (0.020 g, 0.029 mmol) and 2 (0.0047 g, 0.037 mmol) were dissolved in THF (0.2 mL) in an NMR tube. Aer about 5 minutes BPh 3 (0.0091 g, 0.037 mmol, in 0.2 mL THF) was added resulting in an instant colour change from red to yellow. Subsequent addition of 0.1 mL C 6 D 6 allowed for the recording of a 31 P NMR spectrum, which revealed the complete conversion of 2 into 1.
Synthesis of 2$BPh 3
Inside the glovebox, 0.019 g (0.08 mmol) of BPh 3 was weighed into an NMR tube. A benzene-d 6 solution of 0.010 g (0.08 mmol, in 0.5 mL C 6 D 6 ) of 1 was added at room temperature. 
Reaction of 3 with ZnCl 2
Inside the glovebox, 1 (0.024 g, 0.035 mmol) and 2 (0.0056 g, 0.045 mmol) were dissolved in THF (0.2 mL) in an NMR tube. Aer about 5 minutes ZnCl 2 (0.0061 g, 0.045 mmol, in 0.2 mL THF) was added leading to an instant colour change from red to yellow. Aer addition of 0.1 mL C 6 D 6 , a 31 P NMR spectrum was recorded showing complete conversion of 2 into 1.
Synthesis of 4
In a 50 mL Schlenk ask, 0.392 g (0.57 mmol) of compound 1 and 0.080 g (0.64 mmol) of 2 were dissolved in 15 mL of THF. The reaction mixture was stirred for 10 minutes. Subsequently, degassed water (12 mL, 0.65 mmol) was added at room temperature and allowed to stir for 1.5 h. The red colour of the solution slowly transformed into orange. This reaction mixture was then added into a THF (5 mL) suspension of Et 3 N$HCl (0.094 g, 0.68 mmol) and allowed to stir for 30 minutes resulting in the gradual fading of the colour. All volatiles were then evaporated and extracted with hot n-hexane (15 mL). Incipient crystallization happened at room temperature. Isolated yield 0.310 g (78% 
Synthesis of 6
In a 50 mL Schlenk ask, 0.334 g (0.49 mmol) of compound 1 and 0.080 g (0.64 mmol) of 2 were dissolved in 15 mL of THF. The reaction mixture was stirred for 10 minutes. Aerwards, 10 mL of a THF solution of NH 3 $BH 3 (0.020 g, 0.64 mmol) was added at room temperature. The reaction mixture was allowed to stir for 30 minutes during which the red colour of the solution slowly faded to colourless. 31 P NMR showed complete formation of compound 6 as d/l and meso isomers. All volatiles were evaporated and the residue was extracted with hot nhexane (15 mL). Crystallization occurred at room temperature, and a second crop was obtained at À20 C. Isolated yield 0.300 g (89% 
Synthesis of 7
In a 25 mL Schlenk ask 0.202 g (0.293 mmol) of compound 1 and 0.072 g (0.586 mmol) of 2 were dissolved in 10 mL of toluene. The red reaction mixture was heated at 105 C for 30 h.
During the course of the reaction, the color of the reaction mixture changed from red to yellow. Aer 12 h at 0 C yellow crystals of 7 were obtained. The resulting mother liquor was concentrated to 5 mL and kept at À20 C. Aer one day a second crop of crystals was collected. 
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